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The key DNA cutting and joining steps of retroviral DNA
integration are carried out by the viral integrase protein.
Structures of the individual domains of integrase have
been determined, but their organization in the active
complex with viral DNA is unknown. We show that
HIV-1 integrase forms stable synaptic complexes in
which a tetramer of integrase is stably associated with a
pair of viral DNA ends. The viral DNA is processed within
these complexes, which go on to capture the target
DNA and integrate the viral DNA ends. The joining of
the two viral DNA ends to target DNA occurs sequentially,
with a stable intermediate complex in which only one
DNA end is joined. The integration product also remains
stably associated with integrase and likely requires dis-
assembly before completion of the integration process
by cellular enzymes. The results define the series of
stable nucleoprotein complexes that mediate retroviral
DNA integration.
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Introduction

Integration of retroviral DNA into the genome of the host cell
is an essential step in the viral replication cycle (Brown, 1997;
Craigie, 2002). The viral DNA made by reverse transcription
is initially blunt-ended and is processed by the viral integrase
protein to remove two nucleotides from each 3’-end. This 3’
end-processing step exposes the conserved CA dinucleotides
that ultimately define the ends of the integrated viral DNA.
Integration occurs by a pair of transesterification reactions,
catalyzed by integrase, in which the 3’ hydroxyl groups of the
processed viral DNA ends attack a pair of phosphodiester
bonds in the target DNA. In the case of HIV-1, the sites of
attack on the two target DNA strands are separated by 5bp.
The 3’ ends of the viral DNA are joined to target DNA,
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whereas the 5’ ends of the viral DNA are unjoined in the
resulting integration intermediate. Repair of the intermediate
by cellular enzymes completes the integration process.

Viral DNA made by reverse transcription is part of a large
nucleoprotein complex, termed the preintegration complex
(PIC), that is derived from the core of the infecting
virion (Bowerman et al, 1989). Integrase and other viral
and cellular proteins are stably associated with the viral
DNA in the PIC. It is not known if components of the PIC
other than integrase remain stably associated until the PIC is
transported to the nucleus and integrates the viral DNA, or
whether they are jettisoned along the way. PICs isolated from
infected cells efficiently integrate their DNA in vitro with
the full fidelity and all the hallmarks of integration in vitro
(Brown et al, 1987; Ellison et al, 1990; Farnet and Haseltine,
1990). However, PICs are present in low abundance in
cell extracts and this limits the biochemical studies that
can be attempted.

Both the 3’ processing and DNA strand transfer activities
of HIV-1 integrase can be recapitulated in vitro with DNA
substrates that mimic the viral DNA ends (Bushman et al,
1990; Sherman and Fyfe, 1990; Engelman et al, 1991).
However, under most reaction conditions the strand transfer
products result from a half-site reaction in which only one
viral DNA end is joined to one strand of target DNA, rather
than concerted integration of a pair of viral DNA ends
as occurs in vivo. The reasons for this poor in vitro fidelity
are unclear, but modifications of reaction conditions have
boosted the efficiency of concerted integration to a level
at which it can be studied biochemically (Hindmarsh
et al, 1999; Sinha et al, 2002; Li and Craigie, 2005; Sinha
and Grandgenett, 2005). Overall, the half-site integration is
more tolerant of a broader range of reaction conditions than
the concerted reaction. In addition, certain DNA substrate
properties favor one outcome over the other. For example,
preprocessed DNA lacking the two nucleotides normally
removed by integrase is a more efficient substrate for the
half-site reaction than is blunt-ended viral DNA, whereas
blunt-ended DNA favors the concerted over the half-site
reaction (Li and Craigie, 2005). Also, DNA substrates shorter
than 20bp efficiently perform half-site integration while
several hundred base pairs are required for maximally effi-
cient concerted integration (Li and Craigie, 2005). The
reasons for the different requirements for concerted versus
half-site integration are not well understood.

The chemical steps of retroviral DNA integration closely
parallel those of ‘classical’ transposons such as bateriophage
Mu and insertion elements (Mizuuchi, 1992, 1997). For some
of these transposons, the organization of the nucleoprotein
complexes that carry out transposition have been extensively
studied. Mu transposase forms a stable tetramer with the
Mu DNA ends and only two of the active sites within the
tetramer are involved in catalysis (Chaconas and Harshey,
2002). In contrast, Tn5 transposase functions as a dimer
(Davies et al, 2000). In the case of retroviral DNA integration,
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the organization and stoichiometry of nucleoprotein com-
plexes along the reaction pathway is largely unknown.

Structures of all three domains of HIV-1 integrase have
been determined (Dyda et al, 1994; Lodi et al, 1995; Cai et al,
1997), as have several two-domain structures (Chen et al,
2000a; Wang et al, 2001). Domain structures of the closely
related SIV and RSV integrase have also been solved (Bujacz
et al, 1995; Chen et al, 2000b; Yang et al, 2000). However,
no structures have been solved in the presence of DNA
substrates. Integrase binds DNA non-specifically in simple
DNA-binding assays and the protein and DNA aggregate
under reaction conditions. Consequently, physical informa-
tion on the nucleoprotein complexes that mediate retroviral
DNA integration is limited. Kinetic analysis combined with
atomic force microscopy support the idea that the disintegra-
tion reaction of avian sarcoma virus integrase is mediated by
a tetramer (Bao et al, 2003). However, because this substrate
contains only a single viral DNA end, it is not clear whether
this can be extrapolated to concerted integration of pairs of
viral DNA ends. Crosslinked tetramers of HIV-1 integrase
have been reported to carry out concerted integration
(Faure et al, 2005). However, the integrase preparation used
for these studies was inactive with the normal blunt-ended
DNA substrate for concerted integration. Improvements
in the reaction conditions for concerted integration in vitro
(Li and Craigie, 2005) have allowed us to determine the stable
complexes of integrase and DNA that participate in concerted
DNA integration. We show that under conditions that
promote concerted DNA integration, HIV integrase forms
highly stable complexes with viral DNA that are apparently
as stable as the association of integrase with viral DNA in the
PIC. Each step of the integration reaction occurs within these
stable complexes. The results define the active unit of inte-
grase and establish that retroviral DNA integration occurs
in the context of a series of highly stable nucleoprotein
complexes. These complexes progress from initial synapsis
of a pair of viral DNA ends to the integration intermediate
in which viral and host DNA are covalently joined.

Results

The products of concerted DNA integration are

stably associated with integrase

The reaction system for concerted DNA integration was
essentially as described by Li and Craigie (2005S), except
that substrate with only a single viral DNA end was used to
simplify the analysis of integration products; concerted inte-
gration linearizes the circular target DNA by integration of a
pair of viral DNA ends, whereas the half-site reaction tags the
circular target DNA with a single viral DNA end (Figure 1A).
The deproteinized products of such a reaction, after separa-
tion by gel electrophoresis, are shown in Figure 1B, lane 1.

When the same reaction products are subjected to electro-
phoresis without deproteinization (lane 2), the band corre-
sponding to the concerted integration products disappears,
and a prominent new band with slower electrophoretic
mobility is observed. As we show below, this strand transfer
complex (STC) contains viral DNA, target DNA and integrase.
In early experiments, the STC ran as a smear from the top of
the gel that ended abruptly at the position of the STC shown
in Figure 1B. This smearing, which is likely the result of
interaction between the STC and the gel matrix, or less stable
interactions among STCs mediated by other integrase proto-
mers, was minimized by modifications to the electrophoresis
conditions as noted in Materials and methods. The STC
is stable to high ionic strength, challenge with heparin and
to detergent (lanes 3-5). In contrast to the products of
concerted integration, the half-site integration products are
not stably associated with integrase and migrate at the same
position with or without deproteinization.

As expected, comparison of the same samples subjected to
electrophoresis with and without deproteinization revealed
that the kinetics of formation of concerted integration
products paralleled formation of the STC (Figure 1C and D).
Quantitation of the data (Figure 1E and F) confirms that, as
expected, the percentage of donor DNA incorporated into
the STC closely correlates with the percentage of donor
DNA incorporated into the concerted integration product
upon deproteinization. In addition to the STC, two other
complexes with different electrophoretic mobility are observed
(Figure 1D, complexes B and C). Complex B appears early in
the time course and decreases in abundance at later time
points. In contrast, the amount of complex C steadily in-
creases with kinetics similar to that of the STC. The identity of
these complexes was established as described below.

The two DNA strand transfer steps occur sequentially

We employed two-dimensional gel analysis to determine the
DNA species present in each complex. Reaction products
were first subjected to electrophoresis in an agarose gel
without deproteinization. Integrase was then dissociated
from the DNA by soaking the gel in SDS, and the reaction
products were then subjected to electrophoresis in a second
dimension perpendicular to the first (Figure 2A). The STC,
which migrates as a single band in the first dimension, split
into two bands in the second dimension. One band has the
size expected for the concerted integration product, whereas
the other migrates identically to the half-site tagged-circle
product in the second dimension. We conclude that some of
the STC has both viral DNA ends covalently joined to target
DNA, whereas the remainder has only one end joined and the
other end is retained in the complex by non-covalent protein-
DNA interactions. Consistent with this interpretation, depro-
teinization of the STC releases some DNA that migrates as a

Figure 1 Concerted integration products are stably associated with integrase. (A) Schematic showing the expected integration products after
deproteinization. (B) The products of an integration reaction were subjected to electrophoresis in an agarose gel after deproteinization (lane 1),
after the addition of EDTA (lane 2), EDTA and 600 mM NaCl (lane 3), EDTA and 10 pg/ml heparin (lane 4) and EDTA and 0.1% NP-40 (lane 5).
The migration position of linear size markers is shown on the left. (C, D) Kinetics of STC formation parallels formation of concerted integration
product. Reaction mixtures were incubated for the indicated time and subjected to electrophoresis with (C) or without (D) deproteinization.
The band just above the 6 kb marker in panel B, lane 1 and in panel C results from a half-site insertion of another donor DNA molecule into the
concerted integration product. (E, F) show quantitation of the data in panels C and D, respectively. This quantitation slightly under-represents
the abundance of the SSC in panel F because some of the complex runs as a smear. Similarly, in the absence of deproteinization, some of the
half-site product in panel F runs as a smear and is slightly under-represented.
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free viral DNA end in the second dimension of electrophor-
esis. To test whether the STC with only one end joined is an
intermediate on the pathway to concerted integration, we
carried out a time course of two-dimensional gel analysis.
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Figure 2B shows that the two complexes are similar in
abundance at a 0.5h time point. At 1h, the complex with
two ends joined is more abundant and by 2 h essentially all
the STC is converted into this form. We conclude that the
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Figure 2 Analysis of the stable complexes by two-dimensional gel
electrophoresis. (A) The products of a 1 h reaction were subjected to
electrophoresis in a native dimension (left to right). The gel was
then soaked in SDS to dissociate protein-DNA complexes and then
subjected to electrophoresis in a second dimension (top to bottom).
(B) Time course of two-dimensional gel analysis. Each panel is the
same as in (A), except that reactions were incubated for 0.5, 1 or
2h. Note that the complex with only one viral DNA end joined is
chased to concerted product by the 2h time point. The smear
resulting from integration of pairs of viral ends into another viral
DNA end is indicated by the arrow. Quantitation of the data shows
that the percentage of STC with both viral DNA ends covalently
joined at 0.5, 1.0 and 2.0h is 39, 60 and 89 %, respectively.
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joining of the two viral DNA ends occurs sequentially and
with slow kinetics. It is noteworthy that at the later time point
essentially all the STC has two ends joined. Thus, once the
correct complex for concerted integration has been as-
sembled, the reaction is highly efficient. Two-dimensional
gel analysis also allowed us to determine the composition of
complexes B and C first shown in Figure 1. Complex B
migrates identically to viral DNA substrate in the second
dimension and is therefore a non-covalent complex of viral
DNA with integrase. The kinetics of its formation and dis-
appearance are consistent with it being an intermediate on
the concerted integration pathway (Figure 1). Complex C
runs as a smear in the second dimension (indicated by
the arrow in Figure 2A). The similar stability to the STC,
the smear in the second dimension of electrophoresis, and the
kinetics of its appearance (Figure 1) suggest that complex Cis
an STC resulting from integration of a pair of viral DNA ends
into another linear viral DNA substrate molecule, rather than
into the circular target DNA.

Complex B is a stable synaptic complex (SSC) of a pair
of viral DNA ends with integrase

Transient accumulation of complex B made it difficult to
obtain sufficient complex for analysis. If complex B is being
converted to the STC, then a selective inhibitor of strand
transfer should cause it to accumulate (Pommier et al, 2005).
To test this, we included the azido-containing aryl B-diketo
acid inhibitor number 11 (Zhang et al, 2003), which has high
selectivity for inhibition of DNA strand transfer, in the reac-
tion. Figure 3 shows that this inhibitor decreases the forma-
tion of STC with concomitant accumulation of complex B.
Formation of this SSC is more efficient with longer viral DNA
substrate, and with such substrates, high levels of SSC
accumulate in the presence of inhibitor (Figure 3). Stable
complexes are not formed with DNA that lacks the HIV-1
terminal sequence (Figure 3C).

How many viral end DNA molecules are present in com-
plex B? The strand transfer inhibitor enabled us to accumu-
late sufficient complex to answer this question by assembling
complexes with a mixture of long and short DNA viral DNA
ends. If two DNA molecules are present in the complex, three
different complexes should be formed that can be distin-
guished by their different electrophoretic mobility: long plus
long, long plus short and short plus short. Figure 4 shows
that complex B does indeed split into three bands when
assembled with DNAs of two different lengths. As expected,
the relative abundance of each species depends on the ratio of
long to short DNA. Complex B is therefore an SSC of a pair of
viral DNA ends with integrase.

The SSC can contain both processed and unprocessed
viral DNA ends

Do both viral DNA ends need to be processed to form the
SSC? SSCs were assembled in the presence of inhibitor with a
viral DNA substrate with an EcoRI restriction site close to the
ends of the DNA. The SSC band was cut out of an agarose gel
and the DNA was digested with EcoRI and subjected to
electrophoresis in a denaturing polyacrylamide gel. Bands
corresponding to both unprocessed (35 bases) and processed
(33 bases) DNA were observed (Figure 5); approximately
30% of the viral DNA ends in the SSC were processed.
Therefore, formation of the SSC does not require that both

©2006 European Molecular Biology Organization
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Figure 3 The SSC accumulates in the presence of an inhibitor of DNA strand transfer. Reactions, which were incubated for the indicated times,
included a 984 bp viral DNA substrate, which is more efficient for SSC formation than the 355bp substrate. Products were subjected to
electrophoresis in an agarose gel without deproteinization. (A), No inhibitor and (B) reactions were incubated in the presence of 0.5 mM
inhibitor. The band above the 6 kb marker in panel B varies in intensity between experiments and we suspect it represents two SSCs associated
with one another. (C) Complexes are not formed with a 970 bp substrate that lacks the HIV-1 LTR sequence. The substrate was incubated with
integrase and subjected to electrophoresis as for panel A.

In the absence of inhibitor, the SSC is a transient inter-
mediate and does not accumulate to a level that permits gel
isolation and direct measurement of the extent of processing.
However, we argue that once the SSC is formed both ends are
eventually processed and processing is not a limiting step in
promoting concerted integration. At the earliest time point
analyzed (Figure 2B; 0.5h), approximately 40% of the viral
DNA ends in the SSC were covalently joined to target DNA.
As sequencing of integration products reveals that integration
does not occur in the absence of processing under our
reaction conditions (Li and Craigie, 2005), approximately
40% of the viral DNA ends must have been processed at
this time point. At the last time point analyzed (Figure 2B;
2.0h), essentially all the viral DNA ends in the STC had been
joined and therefore essentially all the viral DNA must have
been processed.
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were excised and the extracted DNA was subjected to electro-
Figure 4 Complex B contains a pair of viral DNA ends. Complexes

phoresis in a denaturing polyacrylamide gel electrophoresis
(PAGE) gel. Figure 6A shows that protection from DNase I
were assembled with a mixture of 984 and 1513 bp viral DNA ends
for 30 min in the presence of inhibitor and subjected to electrophor-

esis without (A) or with (B) deproteinization. The ratio of short:-
long DNA was, lane 1, 2:1; lane 2, 1:1 and lane 3, 1:2.

ends of the viral DNA be processed and stable association
with the target DNA can occur without prior processing of
both viral DNA ends.

©2006 European Molecular Biology Organization

digestion is limited to only 16 nucleotides from the ends of
the viral DNA in both the SSC and STC. The extent of
protection is similar to that reported for footprinting of RSV
integrase on U3 DNA under conditions that promote con-
certed integration (Vora and Grandgenett, 2001).
Approximately 30% of the viral DNA ends in the SSCs used
for the footprinting shown in Figure 6A were processed.
Therefore, the footprint must at least reflect the footprint on

The EMBO Journal VOL 25| NO 6 | 2006 1299



Retroviral DNA integration reaction pathway

M Li et al
A EcoRl 35 bp-Us
5 : GCAGT
‘CGTCA
950 bp EcoRlI
Ligation
5 { CAGT
Substrate carea
I Complex assembly I
| Isolate SSC from gel |
I Recover DNA and digest with EcoRI |
:j:ﬂcmm ==’i-igg:tnﬁ.r
—CCTOA
Unprocessed Processed
B 1 2 3
s |— Unprocessed
33 mer | ee— ’
35 mer | ss— e |=—— Processed

Figure 5 The SSC contains both processed and unprocessed viral
DNA. (A) In order to enable the base resolution required to monitor
3’ processing, the viral DNA substrate was internally labeled with
32p such that cleavage of unprocessed DNA by EcoRI gives a
35-base-labeled fragment and cleavage of processed DNA gives
a labeled 33 base fragment upon denaturing gel electrophoresis.
(B) Lane 1, oligonucleotide markers for the 35 and 33 base cleavage
products; lane 2, unreacted viral DNA excised from the gel and
processed identically to DNA from the excised SSC and cut with
EcoRI and lane 3, DNA extracted from SSCs and cut with EcoRI. The
band migrating at the 34 base position results from a contaminating
nuclease activity.

unprocessed viral DNA ends within the SSC. Because this
footprint is indistinguishable from that on the viral DNA ends
in the STC, we argue that the same protection is exhibited on
unprocessed and processed viral DNA ends in the SSC. In order
to directly demonstrate that the same footprint is present on
processed viral DNA ends in the SSC, we tested whether the
SSC could be assembled with processed viral DNA that termi-
nates with 3’ ddA to block DNA strand transfer. Indeed, such
processed DNA ends are efficient substrates for assembly of the
SSC (data not shown). Footprinting of SSCs assembled with
these processed ends confirmed that they exhibit the same
footprint as in the SSC containing a mixed population of
unprocessed and processed ends (Figure 6B).

1300 The EMBO Journal VOL 25 | NO 6 | 2006

A B 123456
=8
= ]
SES-u
LB
_-Ei_
31-G 31-G -..
— s 27-A
. -——
29.G 23-G —— ——23-G
20-A - -
0N 18-A - = ==19C
18-A = T= 17-C
- 15-T
5 — 12-T
1-A 1A SRS O S - 11-A
10-G
10-G -
9-A
8-G g—ﬁ--- 8-G
7-A ) 7-A
- 6-T
5-C 5C™ - 5-C
4G ®a 4G - o

Figure 6 (A) Footprint of integrase in the SSC and STC. Complexes
were assembled in the presence of inhibitor and treated with limited
digestion with DNase I before separation on an agarose gel. After
excision of the bands, DNA was extracted and subjected to electro-
phoresis in a denaturing polyacrylamide gel. Lanes 1, 2 and 3 are G,
G+A and C+ T markers, respectively, made by Maxam-Gilbert
chemical cleavage. The samples shown in lanes 4-6 were processed
identically. Lane 4, free DNA; lane 5, STC; and lane 6, SSC. (B)
Footprint of integrase in SSC complex assembled with processed
viral DNA ends with a 3’ ddA that blocks strand transfer. Lanes 1, 2,
3 and 4 are A+C, G, G+ A and C+ T chemical cleavage markers,
respectively. Lanes 5 and 6 are free DNA and SSC, respectively.

A tetramer of integrase is stably associated with the
viral DNA ends in the SSC

The multimeric form of integrase in the SSC was determined by
crosslinking with the bifunctional crosslinker disuccinimidyl
suberate (DSS). SSCs were assembled and crosslinked before
electrophoresis in an agarose gel. The SSC band was excised
and protein was extracted and subjected to electrophoresis in
a denaturing polyacrylamide gel (Figure 7). Control samples of
crosslinked integrase in solution displayed a continuous ladder
of crosslinked products. In contrast, integrase extracted from the
SSC exhibited only two bands corresponding to tetramer and
dimer. We conclude that a tetramer of integrase is associated
with the viral DNA ends in the SSC.

Discussion

Retroviral DNA integration is mediated through

a series of stable nucleoprotein complexes

The association of integrase with PICs isolated from virus-
infected cells is highly stable. It remains tightly associated
with the viral DNA even after treatment with greater than
0.5M KCI (Lee and Craigie, 1994; Farnet and Bushman, 1997;
Wei et al, 1997). However, it has previously not been possible
to assemble and directly study such stable complexes in vitro.
This has impeded progress in understanding many aspects

©2006 European Molecular Biology Organization



1 2 3 4

kDa
220~ —
1§g: . z = -Tetramer
60~ =
n . = -Dimer
40- -

~ s ~Monomer
30= -
20~ -

Figure 7 The SSC contains a tetramer of integrase. Complexes were
assembled in the presence of inhibitor and crosslinked with DSS
before separation in an agarose gel. Bands were excised and
extracted protein was subjected to electrophoresis in a denaturing
polyacrylamide gel. The gel was transferred to a membrane and
probed for integrase by Western blotting. Lane 1, integrase without
crosslinking; lane 2, integrase after crosslinking in solution; lane 3,
size marker; and lane 4, integrase from crosslinked SSCs. We note
that the electrophoretic mobility of the crosslinked integrase sub-
units is slightly faster than expected based on their molecular
weight relative to the non-crosslinked size markers. This is owing
to conformational constraints resulting from crosslinking. However,
comparison of the ladder of integrase subunits crosslinked in
solution with the crosslinked species present in the SSC unambigu-
ously establishes that the major form is tetrameric.

of the integration mechanism because the low abundance of
PICs in extracts made from infected cells makes them refrac-
tory to study by most available techniques. We show that
integrase alone is able to synapse a pair of viral DNA ends
and association of integrase with viral DNA in the resulting
SSC is apparently as stable as the association of integrase
with viral DNA in the PIC. The population of SSCs formed in
the presence of inhibitor contains both processed and un-
processed viral DNA ends, but the inhibitor used to accumu-
late SSCs may contribute to this slow processing. However,
processing does not need to be rapid in the cell because there
is typically a long delay between reverse transcription and
nuclear entry. Indeed, in the case of MLV, the viral DNA is
initially blunt at early times after reverse transcription and
the processed form accumulates over a period of several
hours (Roth et al, 1989), although asynchrony in steps before
processing may contribute to this spread. The product of
concerted integration remains stably associated with inte-
grase in our in vitro experiments. It seems unlikely that repair
of the single strand gaps between viral and host DNA could
occur without prior disassembly of the STC. Yet, for MLV, the
delay between 3’ end joining and completion of 5’ end joining
is estimated to be less than 1h (Roe et al, 1997). Cellular
proteins may be required to actively disassemble the STC as is
the case for the prokaryotic transposon phage Mu where ClpX
disassembles the complex (Levchenko et al, 1995). It is
noteworthy that only integrase associated with pairs of viral
DNA ends forms stable complexes and such complexes are
not formed with single DNA ends or half-site reaction pro-
ducts. Stable complexes are formed only under reaction
conditions that promote concerted DNA integration. The
previously reported stabilization of the association of inte-
grase with viral DNA in the presence of divalent metal ion
(Ellison and Brown, 1994) may result from aggregation
because neither SSCs or STCs are formed under these reaction
conditions (data not shown).
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Stable higher-order nucleoprotein complexes are involved
in many transpositional DNA recombination reactions
(Mizuuchi, 1992; Chaconas, 1999). In the case of bacterio-
phage Mu, these complexes have been called transpososomes
(Surette et al, 1987). An early step in the Mu transposition
reaction is assembly of an SSC in which the Mu ends are
engaged by transposase, but not cleaved (Mizuuchi et al,
1992). This SSC is structurally related to the cleaved donor
complex and STC that are generated by the subsequent
reaction steps of donor DNA cleavage and DNA stand trans-
fer. Thus, each of the transposition reaction steps is accom-
panied by changes in the organization of the transpososomes.
Although retroviruses and DNA transposons differ in their
lifestyles, they share the same requirement for tight regula-
tion and control to channel the reaction along the correct
pathway. The nucleoprotein complexes we identify here
as intermediates in retroviral DNA integration demonstrate
that this reaction parallels transpositional recombination not
only in the chemical steps but also in the regulation of the
reaction pathway through a series of stable nucleoprotein
intermediates.

Coupling integration of pairs of viral DNA ends

Integration of viral DNA into the host genome requires that
both ends are inserted at the site of integration and the half-
site reaction be avoided. An early clue as to the possible
regulatory mechanisms to ensure this outcome came from the
finding that a mutation at one end of MLV DNA that abolishes
3’ processing also prevented processing of the ‘good’ end
(Murphy and Goff, 1992). This suggested that there is a
requirement for the pairing of ends before the reaction can
be initiated and this could serve as a regulatory gate.
However, different mutations that block 3’ processing at
one end of HIV-1 DNA were later shown to allow processing
at the ‘good’ end (Chen and Engelman, 2001). How can these
findings be reconciled? Our results have established a series
of assembly steps that provide the scaffold for the chemical
steps of integration. We envision that the MLV mutation
blocked the assembly of a stable complex of a pair of viral
DNA ends with integrase and therefore no reaction could be
initiated, whereas the different mutations in the HIV-1 experi-
ment allowed complex assembly and therefore the ‘good’ end
could be correctly processed. In the cell, the delay between
completion of reverse transcription and transport of the PIC
to the nucleus ensures that 3’ processing is usually completed
before the SSC sees the target DNA. In our reactions, covalent
joining of each viral DNA end to target DNA occurs sequen-
tially with a long-lived intermediate in which only one end is
joined. We suspect that this results from incomplete 3’ end
processing even after one viral DNA end has been joined to
target DNA; the unprocessed end must await processing
before it can inserted. If this interpretation is correct, the
lag between the joining of the two viral DNA ends may not
reflect the kinetics in vivo where the PIC must await transport
to the nucleus before the target DNA is encountered; both
ends are usually processed by the time of entry into the
nucleus. However, the slow kinetics highlight that the two
joining steps can be temporally uncoupled. It is striking that
essentially all the STC with only one end joined is chased to
concerted integration product. Thus, once the proper com-
plex has been correctly assembled, concerted integration is
highly efficient. This is in contrast to the dead-end half-site
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product, which neither forms a stable complex with integrase
nor continues on the reaction pathway leading to concerted
integration.

DNA end requirements for SSC assembly

The terminal DNA sequence requirements for retroviral DNA
integration in vivo and in vitro are quite flexible. The CA
dinucleotide that marks the boundary of integrated proviral
DNA is universally important; other nucleotides that influ-
ence the efficiency of integration are few in number and
generally limited to those that lie within about 10bp of the
end of the viral DNA. In in vitro assays with short oligo-
nucleotide substrates that mimic the U3 or U5 ends of HIV-1
DNA, US ends have been reported to be significantly more
active than U3 ends (Bushman and Craigie, 1991; Vink et al,
1991). Under our assay conditions for concerted DNA inte-
gration with long DNA substrates this preference for U5 over
U3 ends is greatly diminished. In reactions containing both
US and U3 end substrates close to 1 kb in length, the ratio of
U3:U3, U3:U5 and U5:US products is approximately 1:2:1, as
expected for random assortment and the three possible
combination of pairs of viral DNA ends exhibit very similar
kinetics (Supplementary Figure 2). Therefore, it is unlikely
that our results are biased by forming complexes with only
US viral DNA ends.

Although specificity is limited to the ends of the viral DNA,
footprinting studies reveal that several hundred base pairs
of terminal viral sequence are protected in the PIC and this
protection is dependent on the presence of integrase (Wei
et al, 1997; Chen and Engelman, 1998; Wei et al, 1998).
Efficient concerted integration in vitro also requires several
hundred base pairs of non-specific DNA flanking the viral
terminal sequence. This flanking DNA is required for efficient
assembly of the SSC (data not shown). The role of this DNA is
unclear because in the SSC only about 16bp of terminal
sequence is protected in footprinting experiments. The addi-
tional DNA may facilitate assembly of the SSC through
weaker non-specific interactions with additional protomers
of integrase. Although the extensive protection seen in PIC
footprints is dependent on the presence of integrase, it is not
known if this reflects protection by integrase itself, or recruit-
ment of other proteins by integrase.

A tetramer of integrase stably locks onto the viral DNA
ends and catalyzes concerted integration

A tetramer of integrase is stably bound to the ends of the viral
DNA in the SSC. The absence of crosslinked trimer in the
SSC, in contrast to the products of crosslinking integrase in
solution, indicates that intra-dimer and inter-dimer contacts
in the tetramer, are not equivalent. The tetramer, therefore,
consists of a dimer of dimers and lacks four-fold symmetry
that would predict a crosslinked trimer as an intermediate in
the formation of crosslinked tetramers. Although we cannot
eliminate the possibility that other more loosely bound pro-
tomers participate in integration, the active sites that carry
out 3’ end processing and DNA strand transfer must reside
within this tightly bound tetramer that protects the viral DNA
termini as demonstrated by footprinting. The extensively
studied Mu transposase, which has a catalytic domain that
is structurally similar to that of HIV-1 integrase (Dyda et al,
1994), also functions as a tetramer (Lavoie et al, 1991; Baker
and Mizuuchi, 1992; Mizuuchi et al, 1992). However, a
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tetrameric functional complex is not a universal feature of
this class of proteins because Tn5 transposase, which also
has a structurally similar catalytic domain, functions as a
dimer (Davies et al, 2000). Mixing experiments with wild-
type and catalysis-defective IS10 transposase suggest that this
protein also functions as a dimer (Bolland and Kleckner,
1996).

A major obstacle to obtaining detailed structural informa-
tion on the active complex of HIV-1 integrase with viral DNA
substrate has been the non-specific binding of integrase to
DNA. The ability to form active SSCs with properties that
mimic the association of integrase with viral DNA in the PIC
should pave the way forward for such studies. The most
promising class of integrase inhibitors for development as
therapeutic agents recognize the active site in the DNA-bound
configuration (Espeseth et al, 2000). High-resolution struc-
tural information on the HIV-1 integrase-active site engaged
with viral DNA and such inhibitors would be invaluable for
the development of inhibitors that target HIV-1 integrase.

Materials and methods

DNA substrates

The 1513bp linear mini-viral DNA was excised from pSca355
plasmid (Li and Craigie, 2005), which is based on pCR2.1
(Invitrogen), by cutting with Scal and Hincll and purified by
agarose gel electrophoresis. Digestion of the mini-viral DNA by Scal
results in a linear fragment of plasmid sequence flanked by 31 bp of
HIV-1 NL4-3 blunt-end US LTR sequence. Shorter substrate DNAs
were prepared by further digestion with different restriction
enzymes. The DNA fragments were treated with alkaline phospha-
tase and then 5’ end labeled with [y->*P]JATP by T4 polynucleotide
kinase. For DNase I footprint studies, the 5-end-labeled 1513 bp
viral DNA was digested with Banl to produce a 984 bp single-end-
labeled DNA. To make internally labeled substrate DNA, a 950 bp
DNA was excised from pSca355 by cleavage with EcoRI and Banl,
purified by agarose gel electrophoresis and then ligated at the EcoRI
site to a duplex 35 bp 3*P-labeled DNA corresponding to 31 bp of U5
LTR terminal sequence. The ligated 985bp donor DNA was finally
purified by agarose gel electrophoresis. The processed viral DNA
end with a 3’ ddA was made by transferring ddATP to the oligo
5" pAATTCTTTTAGTCAGTGTGGAAAATCTCTAGC using TdT and
annealing with the 5'-*?P-labeled oligo 5" pACTGCTAGAGATTTTCC
ACACTGACTAAAAG. The annealed duplex was ligated with with a
970 bp EcoR1/Pstl fragment of pCR2.1 and purified by agarose gel
electrophoresis.

Protein expression and purification

His-tagged HIV-1 integrase W235F was purified as described (Li and
Craigie, 2005). The W235F mutation improves the efficiency of the
concerted integration reaction in vitro (Li and Craigie, 2005) and
does not compromise viral replication in vivo (Leavitt et al, 1996).
The W235F mutation improves both the efficiency of concerted
integration and the efficiency of formation of the complexes
reported in this paper by a factor of approximately two-fold over
wild-type HIV-1 integrase (Supplementary Figure 1). Briefly, the
integrase was expressed in Escherichia coli BL21(DE3) and the cells
were lysed in buffer containing 0.1M NaCl. The lysate was
centrifuged and integrase was extracted from the pellet in buffer
containing 2M NaCl. The protein was then purified by nickel-
affinity chromatography and the His tag was removed with
thrombin.

Integration assay and complex assembly

Typical reaction mixtures (25 ul final volume) were assembled by
incubating 80 nM integrase on ice in 20mM HEPES, pH 7.5, 12%
DMSO, 5mM DTT, 10% PEG-6000, 10 mM MgCl,, 20 uM ZnCl, and
100mM NaCl (final), followed by addition of 10nM viral DNA
substrate. These components were preincubated on ice for 0.5h and
250 ng target plasmid DNA pBR322 was then added. After a further
0.5h preincubation on ice, the reaction was initiated by transfer to
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37°C and incubation was continued for 1h, or as noted otherwise.
The reactions were stopped by addition of SDS and EDTA to 0.1%
and 10mM, respectively, together with 5ug of proteinase K.
Incubation was continued at 37°C for a further 1 h. A 2.5 pl aliquot
of the reaction mixture was then subjected to electrophoresis in a
0.8% agarose gel (12 x 24cm) in 1 x TBE buffer. Gels were dried,
exposed to imaging plates and visualized and quantified with a Fuji
BAS-2500 bio-imaging analyzer. Complex assembly was carried out
in the same way, except that where stated the integrase was
preincubated with 500 uM inhibitor 11 (Zhang et al, 2003). EDTA
was added to 10mM and BSA was added to 1mg/ml before
electrophoresis of complexes.

Electrophoresis of complexes and gel isolation of products
A 2.5pl aliquot of sample was subjected to electrophoresis in an
0.8% agarose gel in TBE buffer with 1 M urea at 7.7 V/cm for 3.5h at
4°C. For isolation of complexes, markers were run side by side with
the radiolabeled complexes and bands were cut out after staining
with ethidium bromide. For two-dimensional gel electrophoresis,
2.5ul of reaction mixture was first subjected to electrophoresis in
a 0.8% agarose gel containing 1 M urea (10 x 15cm) in TBE buffer
with 1M urea at 7.7 V/cm at 4°C. After the first dimension of native
electrophoresis, the gel was soaked in 200ml 1 x TBE with 0.5% SDS
for 30 min, followed by 200ml 1 x TBE with 0.1% SDS for a further
30 min. The gel was then rotated 90° and subjected to electrophoresis
in 1 x TBE buffer with 0.1% SDS at 7.7 V/cm at room temperature
for about 1h. The gel was then dried and exposed.

DNase I footprinting

A one-end labeled 985bp donor DNA (blunt end) or a 1005bp
processed donor DNA with a 3’ ddA was used to assemble SSCs for
DNase I protection. After assembly of synaptic complexes at 37°C
for 2 h in the presence of 500 uM inhibitor 11 (blunt-end substrate)
or absence of inhibitor (processed substrate), the mixture was
cooled to room temperature and 0.01U DNase I (New England
Biolabs) was added. After incubation at room temperature for
2min, digestion was stopped by addition of EDTA to 10mM. The
complexes were then separated on a urea-TBE gel as described
above and DNA from the excised complexes was recovered by the
‘crush and soak’ method (Sambrook et al, 1989). Equivalent
amounts of recovered DNA from each band were solubilized in
formamide loading buffer and subjected to denaturing 15% PAGE.
The dried gels were exposed for 1 week and analyzed by a Fuji
BAS2500 bio-imaging analyzer. DNA markers for footprints
were prepared by the Maxam-Gilbert method (Maxam and
Gilbert, 1977).
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Chemical crosslinking and Western blotting

Chemical crosslinking of IN or complexes was performed using
DSS, a homobifunctional chemical crosslinker with an 11.4-A spacer
arm. DSS was freshly dissolved at 25 mM in dimethyl sulfoxide. The
reaction was initiated by the addition of 0.5 mM DSS to IN alone or
0.8mM DSS to complex assembly reactions. Incubation was for
30min at room temperature. The reaction was stopped by the
addition of 1M Tris-HCI (pH 8.0) to 50 mM, and kept on ice for a
further 15min. Complexes were subjected to electrophoresis in
urea-TBE agarose gels, excised and eluted in 1 x SDS-PAGE
running buffer with 0.1 mg/ml insulin as carrier. The eluted protein
was precipitated by TCA-deoxycholate (DOC)/Acetone. Briefly,
1/100 volume of 2% Na DOC was added and kept at room
temperature for 15 min, followed by the addition of 1/4 volume of
100% (w/v) cold TCA. After incubation for 30 min on ice, the
precipitate was centrifuged at 16 000 g for 20 min and washed twice
with ice-cold acetone. The dried pellets were resuspended and
subjected to electrophoresis in a 4-12% Bis-Tis gel (Invitrogen).
Western blotting was carried out using an Amplified Alkaline
Phosphatase Goat Anti-Rabbit Immuno-Blot Assay Kit (Bio-Rad).
Briefly, the gel was blotted to PVDF membrane (Invitrogen) and the
membrane was blocked overnight at 4°C. It was then incubated
with 5ml of 1:100 diluted integrase antiserum overnight at 4°C,
followed by addition of biotinylated goat anti-rabbit antibody and
streptavidin-biotinylated alkaline phosphatase complex. Detection
was carried out with ECL+ using an LAS-1000 (Fuji). The rabbit
polyclonal anti-HIV-1 integrase antiserum no. 756 (Grandgenett and
Goodarzi, 1994) was from the NIH AIDS Research and Reference
Reagent Program and a gift from Dr Duane P Grandgenett.
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